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PD\EHDGYHUVHO\DIIHFWHGXQGHUWKHH[LVWHQFHRIFUHHS>@7KHUHIRUHWKHLQWHUDFWLRQHIIHFWEHWZHHQFUHHSDQG
IDWLJXHLVDQLPSRUWDQWLVVXHZKLFKQHHGVWREHFRQVLGHUHGLQHOHYDWHGWHPSHUDWXUHDSSOLFDEOHFRPSRQHQWGHVLJQ
7KHFXUUHQWO\DYDLODEOHKLJKWHPSHUDWXUHVWUXFWXUDOGHVLJQFRGHVLQFOXGH$60(1+$60(&RGH&DVH
55&&05DQG''6,QWKLVVWXG\WKHDVVHVVPHQWSURFHGXUHVRI$60(1+DUHEULHIO\GHVFULEHG$QLOOXVWUDWLRQ
RIWKHDVVHVVPHQWSURFHGXUHE\$60(1+LVJLYHQLQGHWDLOEDVHGRQWKHUPDODQGVWUXFWXUDOILQLWHHOHPHQWDQDO\VLV
UHVXOWV RI D WKUHHGLPHQVLRQDO K\GURJHQDWLRQ HTXLSPHQW PRGHO 7KH LQIOXHQFHV RI SULPDU\ ORDG WHPSHUDWXUH
ZHOGPHQWDQGWKHVL]HRIWUDQVLWLRQILOOHWRQFUHHSIDWLJXHGDPDJHHYDOXDWLRQVDUHLQYHVWLJDWHGE\QXPHULFDODQDO\VLV
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7KHPHDQLQJV RI WKH SDUDPHWHUV DUH JLYHQ LQ WKH1RPHQFODWXUH SDUW 7KH FUHHSIDWLJXHGDPDJH HQYHORSHV IRU
YDULRXVVWHHOVDUHVKRZQLQ)LJLQZKLFKWKHLQWHUDFWLRQSRLQWIRU66VWHHOVLVIRU&U0R
9VWHHODQGIRU&U0RDQG$OOR\+7KHPDLQDVVHVVPHQWSURFHGXUHLQ$60(1+LVSUHVHQWHG
LQ)LJ
'HVLJQDVVHVVPHQWRIK\GURJHQDWLRQHTXLSPHQWE\$60(1+
6RPH UHVHDUFKHUV KDYH SHUIRUPHG VWUXFWXUDO LQWHJULW\ DVVHVVPHQW DFFRUGLQJ WR $60(1+ /HH HW DO >@
FRPSDUHGFUHHSIDWLJXHWHVWUHVXOWVDQGHYDOXDWLRQVE\$60(1+DQGIRXQGWKDW$60(1+ZDVFRQVHUYDWLYHIRU
*UDGH  VWHHO GXH WR WKH QDUURZ FUHHSIDWLJXH HQYHORSH.RR >@ LPSOHPHQWHG WKH DVVHVVPHQW SURFHGXUH LQ
$60(1+LQWRDSURJUDPDQGXVHGLWWRHYDOXDWHWKHFUHHSIDWLJXHGDPDJHRIDJHQHUDWLRQHTXLSPHQW*XUXPXUWK\
HWDO>@SURYLGHGDQDO\VLVH[DPSOHVRIQR]]OHVWRWRSDQGERWWRPKHDGVE\HODVWLFDQDO\VLVPHWKRGRI$60(1+
7ZRGLPHQVLRQDOPRGHOVZHUHXVHGLQWKHDERYHFDVHVWXGLHVDQGWKHLUORDGLQJFRQGLWLRQVZHUHTXLWHGLIIHUHQWIURP
WKDW RI K\GURSURFHVV HTXLSPHQW ,Q WKLV VWXG\ D IXOO VWUXFWXUH DQDO\VLV RI K\GURSURFHVV HTXLSPHQW ZDV ILUVW
SHUIRUPHGWRLGHQWLI\WKHFULWLFDOUHJLRQ7KHQWKHUPDODQGVWUXFWXUDODQDO\VHVRIDWKUHHGLPHQVLRQDOPRGHODWWKH
FULWLFDOUHJLRQZHUHSHUIRUPHGDQGFUHHSIDWLJXHGDPDJHZDVHYDOXDWHGE\$60(1+
3.1. Design parameter of the hydrogenation equipment 
7KHVWUXFWXUHRIK\GURJHQDWLRQHTXLSPHQWLVVFKHPDWLFDOO\VKRZQLQ)LJD'LVFRQWLQXLWLHVLQFOXGHQR]]OHV
WR WKHF\OLQGHUVKHOOQR]]OHV WR WKHFRQLFDOKHDGDQG WKHVNLUW MXQFWLRQZLWK WKHF\OLQGHU,QQHUGLDPHWHURI WKH
F\OLQGHU LVPPZLWKD WKLFNQHVVRIPP'LPHQVLRQVRI WKH ODWHUDOQR]]OHVDUH WKHVDPHZLWK LQQHUDQG
RXWHUGLDPHWHUVEHLQJPPDQGPPUHVSHFWLYHO\7UDQVLWLRQILOOHWDWWKHZHOGMRLQWLVPPDQGLWLVPP
DWWKHLQQHUVXUIDFHRIQR]]OH7KHFRQVWUXFWLRQPDWHULDOLV&U0RDOOR\VWHHO7KHGHVLJQSUHVVXUHDQGDUH
03DDQGR&UHVSHFWLYHO\7KHQRUPDO ORDGLQJVHUYLFHKLVWRJUDPGXULQJRQHF\FOH LVVKRZQ LQ)LJE7KH
GHVLJQVHUYLFHOLIHLVF\FOHVZKLFKLVKRXUVLQWRWDODQGKRXUVDERYHWKHFUHHSWHPSHUDWXUHRIWKH
VWHHO
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
)LJ7KHFUHHSIDWLJXHGDPDJHHQYHORSHVIRUYDULRXVVWHHOV


)LJ6WUXFWXUDOLQWHJULW\HYDOXDWLRQSURFHGXUHVLQ$60(1+
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
)LJD2YHUDOOVWUXFWXUHPRGHOEWKHUHSUHVHQWDWLYHRSHUDWLQJORDGF\FOHRIK\GURJHQDWLRQHTXLSPHQW
3.2. Finite element analysis 
6HTXHQWLDOO\ FRXSOHG WKHUPDO DQG OLQHDU HODVWLF VWUXFWXUDO DQDO\VHVZHUH FDUULHG RXW E\$16<6 7HPSHUDWXUH
GHSHQGHQWWKHUPDODQGPHFKDQLFDOSURSHUWLHVZHUHWDNHQIURP$60(VHFWLRQĊSDUW'7UDQVLHQWWKHUPDODQDO\VLV
ZDVILUVWFDUULHGRXWXVLQJVROLGHOHPHQWW\SH7HPSHUDWXUHGHSHQGHQWKHDWWUDQVIHUFRHIILFLHQWVZHUHDSSOLHGRQ
WKH LQQHU VXUIDFH ZKLOH DLU FRQYHFWLRQ ERXQGDU\ FRQGLWLRQ ZDV DSSOLHG RQ WKH RXWHU VXUIDFH 7KH REWDLQHG
WHPSHUDWXUHGLVWULEXWLRQZDVWKHQPDSSHGRQWRWKHPRGHOLQDVWUXFWXUDODQDO\VLVE\FRUUHVSRQGLQJHOHPHQWW\SH
(ODVWLF DQDO\VLVZLWKFRDUVHPHVKLQJRI WKHRYHUDOO VWUXFWXUHZDV ILUVWFDUULHGRXW$QDO\VLV UHVXOW VKRZHG WKDW
HTXLYDOHQW VWUHVVHV DW QR]]OHV  WR  ZHUH WKH ODUJHVW DQG WKHLU GLIIHUHQFHV ZHUH VPDOO 7KHUHIRUH QR]]OH  ZDV
VHOHFWHGDVW\SLFDOLQDORFDODQDO\VLVZLWKPXFKILQHUPHVKLQJDWGLVFRQWLQXLW\WRJXDUDQWHHWKHDFFXUDF\RIDQDO\VLV
UHVXOW2QHTXDUWHUPRGHORIWKHFULWLFDOUHJLRQZDVEXLOWGXHWRVWUXFWXUDOV\PPHWU\,QQHUSUHVVXUHZDVDSSOLHGRQ
DUHDµ$¶D[LDOVWUHVVZDVDSSOLHGRQDUHDµ%¶DQGV\PPHWULFDOERXQGDULHVZHUHDSSOLHGRQDUHDVµ&¶DQGµ'¶7KH
VWUHVV GLVWULEXWLRQ XQGHU DQ LQQHU SUHVVXUH RI  03D ZDV VKRZQ LQ )LJ  7KH PD[LPXP HTXLYDOHQW VWUHVV
HPHUJHGDWWKHFRUQHURIWKHQR]]OHDQGLQQHUVXUIDFH/LQHDUL]HGHODVWLFVWUHVVDQDO\VLVZDVWKHUHIRUHSHUIRUPHGDW
WKLVFULWLFDOSRLQW6WUHVVGLVWULEXWLRQDWORFDWLRQVIDUDZD\IURPWKHGLVFRQWLQXLW\LVTXLWHXQLIRUP


)LJ7KHHTXLYDOHQWVWUHVVFRXQWHUXQGHUDQLQQHUSUHVVXUHRI03DDWQR]]OH
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3.3. Inelastic strain limit check 
7HVW$LQ)LJZDVXVHGWRFKHFNWKHLQHODVWLFVWUDLQOLPLW&RUUHVSRQGLQJSDUDPHWHUVEDVHGRQHODVWLFDQDO\VLV
UHVXOWDUHSUHVHQWHGLQ7DEOH7KHSULPDU\VWUHVVSDUDPHWHUXHTXDOVZKLOHWKHVHFRQGDU\VWUHVVSDUDPHWHUY
HTXDOV7KHVXPRIXDQGYLVOHVVWKDQWKHUHIRUHLQHODVWLFVWUDLQOLPLWLVVDWLVILHG
7DEOH3DUDPHWHUVIRULQHODVWLFVWUDLQOLPLWFKHFN
3/3E.W
03D
45PD[
03D
; < ;<
    
3.4. Determination of total strain range 
3HDN VWUDLQV DULVLQJ IURP JHRPHWULF GLVFRQWLQXLWLHV ZHUH QRW LQFOXGHG LQ WKH PD[LPXP VWUDLQ UDQJH ǻİmax
WKHUHIRUH WKHPRGLILHGVWUDLQUDQJHǻİmod LVFDOFXODWHGE\(T WRDFFRXQWIRUVWUHVVFRQFHQWUDWLRQHIIHFW&UHHS
VWUDLQLQFUHPHQWǻİcrLQHDFKF\FOHZDVREWDLQHGIURPWKHWRWDOFUHHSVWUDLQLQFUHPHQWFUHDWHGGXULQJWKHHQWLUHOLIH
GLYLGHGE\VHUYLFHF\FOHV6LQFHWKHHIIHFWLYHFUHHSVWUHVVıcZDVORZǻİcrZDVUDWKHUVPDOO3DUDPHWHUVQHHGHGIRU
WKHFDOFXODWLRQRIWRWDOVWUDLQUDQJHǻİtDUHSUHVHQWHGLQ7DEOH
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3.5. Creep-fatigue damage evaluation 
/LQHDU LQWHUSRODWLRQRIIDWLJXHGHVLJQFXUYHLQ)LJEDVHGRQǻİtZDVXVHGWRREWDLQWKHDOORZDEOHQXPEHURI
F\FOHVNd6LQFHWKHFULWLFDOSRLQWLVZLWKLQWKHYLFLQLW\RIWKHZHOGNdLVRQHKDOIRIWKDWREWDLQHGIURPWKHGHVLJQ
FXUYHLHF\FOHV7KHIDWLJXHGDPDJHDfLVZKLFKLQGLFDWHVWKDWIDWLJXHGDPDJHSURGXFHGGXULQJWKH
VHUYLFHOLIHRIWKHK\GURJHQDWLRQHTXLSPHQWLVQHJOLJLEOH

)LJ7KHIDWLJXHGHVLJQFXUYHIRU&U0RVWHHO
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
)LJ6WUHVVUHOD[DWLRQDQGWKHDFFXPXODWLRQRIFUHHSGDPDJHZLWKVWUHVVKROGLQJWLPH
6LQFHǻİt LV OHVV WKDQ   mS E  WKH VWUHVVWHPSHUDWXUH WLPH KLVWRU\ FDQ EH GHILQHG EDVHG RQ D VLQJOH UHOD[DWLRQ
F\FOHIRUWKHHQWLUHGHVLJQOLIHZLWKVWUHVVUHOD[HGQRORZHUWKDQ1.25ıc+RXUVVSHQWDERYHR&GXULQJWKHHQWLUH
VHUYLFH OLIH ZHUH XVHG LQVWHDG RI WKH DYHUDJH F\FOH WLPH 7KH VWUHVV OHYHO FRUUHVSRQGLQJ WR ǻİt LQ WKH WLPH
LQGHSHQGHQW LVRFKURQRXV VWUHVVVWUDLQ FXUYH Sj LV  03D 7KH VWUHVV UHOD[DWLRQ FXUYH ZDV REWDLQHG IURP WKH
LVRFKURQRXVVWUHVVVWUDLQFXUYHDQGQRPRGLILFDWLRQLVQHHGHGGXHWRWKHORZWUDQVLHQWVWUHVV OHYHO7KHDOORZDEOH
WLPHGXUDWLRQLVREWDLQHGIURPWKHPLQLPXPVWUHVVWRUXSWXUHFXUYHE\WKHPD[LPXPVWUHVVGLYLGHGE\K’DQGK’LV
 IRU &U0R VWHHO 7KH VWUHVV UHOD[DWLRQ DQG FUHHS GDPDJH DFFXPXODWHG GXULQJ WKH HQWLUH VHUYLFH OLIH LV
VKRZQ LQ )LJ  7KH FUHHS GDPDJH DFFXPXODWHG GXULQJ GHVLJQ OLIH LV  ZKLFK LV PXFK KLJKHU WKDQ IDWLJXH
GDPDJH7KHFUHHSDQGIDWLJXHGDPDJHDFFXPXODWHGGXULQJVHUYLFHOLIHIDOOZLWKLQWKHGDPDJHHQYHORSHWKHUHIRUH
WKHGHVLJQPHHWWKHUHTXLUHPHQWVLQ$60(1+
3DUDPHWHUVWXGLHV
4.1. Effect of primary load on creep-fatigue damage 
7KHPDJQLWXGHRISULPDU\ORDGGLUHFWO\LQIOXHQFHWKHYDOXHRIWRWDOVWUDLQUDQJHZKLFKLQWXUQDIIHFWVQXPEHURI
DOORZDEOHF\FOHVWKHLQLWLDOVWUHVVGXULQJUHOD[DWLRQDQGFUHHSGDPDJH6HYHUDOPDJQLWXGHVRILQQHUSUHVVXUHVZHUH
DQDO\]HGWRLGHQWLI\WKHLULQIOXHQFHVRQFUHHSIDWLJXHGDPDJH7KHYDULDWLRQVRIIDWLJXHGDPDJHDQGFUHHSGDPDJH
ZLWKLQQHUSUHVVXUHDUHVKRZQLQ)LJ&UHHSGDPDJHLQFUHDVHVVLJQLILFDQWO\ZKHQLQQHUSUHVVXUHLVODUJHUWKDQ
03DZKLOHIDWLJXHGDPDJHJURZVUDSLGO\ZKHQLQQHUSUHVVXUHLVODUJHUWKDQ03D+RZHYHUIRUDOOWKHDQDO\]HG
LQQHUSUHVVXUHVFUHHSGDPDJHLVFRQVLVWHQWO\PXFKODUJHUWKDQIDWLJXHGDPDJH

)LJ7KHHYROXWLRQRIFUHHSDQGIDWLJXHGDPDJHVZLWKLQQHUSUHVVXUH
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4.2. Effect of temperature 
,QWKHDERYHFDVHVWXGLHVWKHKROGWHPSHUDWXUHLQFUHHSGDPDJHHYDOXDWLRQLVR&ZKLFKLVWKHKLJKHVWGHVLJQ
WHPSHUDWXUHRIK\GURSURFHVVHTXLSPHQW+RZHYHUPRVWK\GURSURFHVVHTXLSPHQWQRUPDOO\DUHRSHUDWHGXQGHU
R&>@7KHUHIRUHWKHFUHHSIDWLJXHGDPDJHXQGHULQQHUSUHVVXUHRI03DDQGRSHUDWLQJWHPSHUDWXUHRIR&
ZDVDOVRHYDOXDWHGE\$60(1+$QDO\VLVUHVXOWVVKRZHGWKDWZKHQWKHHYDOXDWLRQWHPSHUDWXUHGURSSHGWRR&
ZKLOH RWKHU SDUDPHWHUV VWD\HG WKH VDPH WKH FUHHS GDPDJH UHGXFHG DERXW  WR ZKLOH WKH IDWLJXH GDPDJH
FKDQJHGOLWWOH7KLVLQGLFDWHVWKDWWHPSHUDWXUHVLJQLILFDQWO\DIIHFWVFUHHSGDPDJHDFFXPXODWLRQ
4.3. Effect of weldment 
$60(1+FRQVLGHUVWKHLQIOXHQFHRIZHOGPHQWRQFUHHSIDWLJXHGDPDJHE\VWUHQJWKUHGXFWLRQIDFWRUDQGVWUHVV
UXSWXUHIDFWRU7KHDOORZDEOHQXPEHURIF\FOHVIRUZHOGPHQWDWDVSHFLILFVWUDLQUDQJHLVRQHKDOIRIWKDWRIWKHEDVH
PHWDO7KHVWUHVVUXSWXUHIDFWRUVIRU&U0RVWHHODUHJLYHQLQ7DEOH,LQ$60(1+ZKLFKHTXDOVWR
ZLWKLQWKHWHPSHUDWXUHUDQJHRIR&WRR&IRUUXSWXUHWLPHXSWRKRXUV7KHUHIRUHWKHH[LVWHQFHRI
ZHOGPHQWLQWKHK\GURSURFHVVHTXLSPHQWRQO\GRXEOHVIDWLJXHGDPDJHDQGKDVQRLQIOXHQFHRQWKHGRPLQDQWFUHHS
GDPDJH
4.4. Effect of transition fillet size on fatigue and creep damage 
7KHVL]HRIWUDQVLWLRQILOOHWPDLQO\DIIHFWVVWUHVVFRQFHQWUDWLRQ)RXUWUDQVLWLRQILOOHWVL]HVLHPPPP
PPDQGPPZHUHXVHGLQWKHHODVWLFDQDO\VLVWRVWXG\WKHVL]HHIIHFWRIWUDQVLWLRQILOOHWRQFUHHSIDWLJXHGDPDJH
$QDO\VLVUHVXOWVZHUHVXPPDUL]HGDQGFRPSDUHGLQ7DEOH'HVSLWHWKHVPDOOIOXFWXDWLRQDWDWUDQVLWLRQILOOHWVL]HRI
PPWKHLQFUHDVHRIWKHILOOHWVL]HUHGXFHVIDWLJXHDQGFUHHSGDPDJHV
7DEOH3DUDPHWHUVXPPDWLRQLQQXPHULFDOFDVHVWXGLHVE\$60(1+
+ROGLQJ
SUHVVXUH
03D
+ROGLQJ
WHPSHUDWXUH
R&
7UDQVLWLRQ
ILOOHW
PP
ǻİW

1G
F\FOHV
'I
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03D
'F
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&RQFOXVLRQV
7KHDVVHVVPHQWSURFHGXUHVLQ$60(1+ZHUHEULHIO\LQWURGXFHGLQWKLVVWXG\$VWUXFWXUDOLQWHJULW\DVVHVVPHQW
RI K\GURSURFHVV HTXLSPHQW E\ $60(1+ UXOHV ZDV JLYHQ LQ GHWDLO 7KH HIIHFWV RI SULPDU\ ORDG WHPSHUDWXUH
ZHOGPHQWDQGWUDQVLWLRQILOOHWVL]HRQWKHDFFXPXODWLRQRIFUHHSIDWLJXHGDPDJHZHUHLQYHVWLJDWHGLQQXPHULFDOFDVH
VWXGLHV,WZDVIRXQGWKDWERWKIDWLJXHDQGFUHHSGDPDJHLQFUHDVHGVKDUSO\ZKHQSULPDU\ORDGLQFUHDVHGWRDFHUWDLQ
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OHYHO &UHHS GDPDJH FUHDWHG GXULQJ VHUYLFH OLIH ZDV GRPLQDQW FRPSDUHG ZLWK IDWLJXH GDPDJH &UHHS GDPDJH
DFFXPXODWHG GXULQJ GHVLJQ OLIH JUHDWO\ GURSSHG ZKHQ WHPSHUDWXUH ZDV UHGXFHG IURP  R& WR  R& 7KH
H[LVWHQFHRIZHOGPHQWGRXEOHGIDWLJXHGDPDJHEXWKDGQR LQIOXHQFHRQFUHHSGDPDJH7KH LQFUHDVHRI WUDQVLWLRQ
ILOOHWVL]HUHGXFHGIDWLJXHDQGFUHHSGDPDJHVDWWKHQR]]OH
$FNQRZOHGJHPHQWV
7KHDXWKRUVDUHJUDWHIXO IRU WKHILQDQFLDOVXSSRUW IURPWKH1DWLRQDO1DWXUDO6FLHQFH)RXQGDWLRQRI&KLQD1R
DQG3K'3URJUDPV)RXQGDWLRQRI0LQLVWU\RI(GXFDWLRQRI&KLQD1R
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